We have identified synaptic protein complexes in intact rat hippocampal slices using the rapid chemical cross-linking reagent paraformaldehyde. Cellular proteins were rapidly cross-linked, solubilized, separated electrophoretically by SDS-PAGE, and then identified immunologically. Multiple complexes containing syntaxin, the synaptosomal-associated protein of 25 kDa (SNAP25), and vesicle-associated membrane protein (VAMP) were observed to coexist in a single hippocampal slice including a 100 kDa cross-linked protein complex that exhibited the same electrophoretic migration as a member of the previously identified SDS-resistant soluble N-ethylmaleimide-sensitive fusion attachment protein receptor "core" of the 20 S complex. A VAMPsynaptophysin complex, reported previously in vitro, was also observed in the hippocampal slices. This study links biochemical and physiological studies involving presynaptic proteins implicated in secretion and confirms that these proteins that have been studied extensively previously in the presence of detergent do form "bona fide" cellular complexes. Importantly, we have also detected additional novel protein complexes that do not correspond to complexes identified previously in vitro. After the induction of persistent synaptic potentiation, an abundant 40 kDa SNAP25-caveolin1 complex was observed. The SNAP25-caveolin1 complex was not abundant in control slices and, therefore, represents the first demonstration of a reorganization of protein complexes in intact hippocampal slices during the induction of synaptic potentiation. The interaction between caveolin1 and SNAP25 was confirmed biochemically by demonstration of the association of caveolin with recombinant-immobilized SNAP25 and by the coimmunoprecipitation of SNAP25 using caveolin-specific antisera. Caveolin1, like SNAP25, was observed to be abundant in isolated hippocampal nerve terminals (synaptosomes). Immunofluorescent studies demonstrated that both SNAP25 and caveolin1 are present in neurons and colocalize in axonal varicosities. These results suggest that a shortlasting SNAP25-caveolin interaction may be involved in the early phase of synaptic potentiation.
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Key words: synaptic protein; caveolin; SNAP25; hippocampus; synaptic potentiation; paraformaldehyde Significant progress toward a molecular description of synaptic transmission has been made from the identification and characterization of the synaptic proteins and their interactions. Although several presynaptic protein complexes have been identified, correlating particular protein complexes with specific functions has proven to be more difficult. This is because conventional biochemical binding assays and immunoprecipitation methods rely on the formation of relatively stable, high-affinity protein-protein complexes. The use of detergent-solubilized preparations and bacterialexpressed proteins to assess these protein interactions in vitro is limited by the inability to extend such observations to physiological determinations of synaptic strength. Identification of the protein complexes implicated in synaptic transmission in intact tissue is an important step toward a molecular description of synaptic transmission.
We have examined syntaxin-, the synaptosomal-associated protein of 25 kDa (SNAP25)-, and vesicle-associated membrane protein (VAMP)-containing complexes in intact hippocampal slices using a strategy of rapid protein cross-linking in living hippocampal slices before detergent solubilization. These complexes were studied in the presence and absence of Schaffer collateral stimulation in area CA1 of the hippocampal slice. Neurotransmission is known to be modulated by activity, and such modulation is a common feature of synaptic plasticity that is thought to contribute to memory formation. Because temporary or long-term changes in these protein complexes could represent a mechanism underlying synaptic plasticity, the reorganization of these complexes under conditions in which persistent synaptic potentiation was induced in hippocampal slices was examined.
MATERIALS AND METHODS

Preparation of hippocampal slices
Rat hippocampal slices were prepared by standard methods from male Sprague Dawley rats (200 -300 gm), in strict accordance with a protocol approved by the Stanford University Animal Use and C are Committee. Animals were anesthetized with inhaled halothane and then rapidly decapitated with a commercial small animal decapitator. The brain was quickly removed, and slices were prepared. For at least 1 hr before experimentation, slices (500 nm thick) were stored and maintained in an interface with a moist superoxygenated atmosphere, resting on a piece of filter paper wetted with artificial C SF (AC SF; 119 mM NaC l, 2.5 mM KC l, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1 mM NaH 2 PO 4 , 26.2 mM NaHC O 3 , and 11 mM glucose). From this time the hippocampal slices were managed in three different ways termed (1) "stimulated" slice, (2) "perf used" slice, and (3) "tube" slice.
Stimulated slice. A single slice was transferred to the recording chamber, where it was submerged and superf used continuously at a rate of 1-2 ml /min with AC SF. AC SF solution was pregassed at room temperature (22°C) with 95% O 2 and 5% C O 2 . For extracellular field recording in area CA1, EPSPs elicited every 15 sec were recorded with saturated NaC l-filled glass microelectrodes. Recording electrodes were placed in the stratum radiatum. A stimulus was given at ϳ10 A for 100 sec at 15 sec intervals to the Schaffer collaterals in the stratum radiatum. EPSPs were filtered at 3 kHz, digitized at 10 kHz, and stored.
Perf used slice. Slices were treated the same as stimulated slices except no stimulating or recording electrodes were placed in the hippocampal slice.
Tube slice. A single slice was transferred to a microf uge tube, where it was submerged in 1 ml of AC SF. The AC SF was pregassed at room temperature (22°C) with 95% O 2 and 5% C O 2 . The pH of the AC SF was measured to be 7.3. The microf uge tube was tightly capped and placed on a rotating platform. Some slices remained in control AC SF, whereas others were treated with 1-10 mM 4-aminopyridine (4-AP) for 20 min. After 20 min, the 4-AP was washed out. The pH of the AC SF containing 10 mM 4-AP was measured to be 7.5. The slices were treated with 4% paraformaldehyde for 10 min and solubilized. In each experiment, immunoblot analysis was performed on tube slices from a single rat.
Cross-linking of intact hippocampal slices
Hippocampal slices were perf used or incubated with 4% paraformaldehyde as indicated in the figure legends. After cross-linking, hippocampal slices were hand-homogenized (0.25 ml /slice) in 1% Triton X-100, 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 4.5 mM Mg(CH 3 C OO) 2 , 150 mM KC l, 10 mM glycine, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and mixed end over end for 1 hr at 4°C. Sample buffer was added to the solubilized slice (final concentration, 1% SDS, 42 mM Tris, pH 6.8, 7% glycerol, and 7% ␤-mercaptoethanol). Before SDS-PAGE these samples were incubated at 30, 37, or 100°C for 10 min. SDS-PAGE was performed as described previously (Braun and Scheller, 1995) . The following prestained molecular mass markers were run simultaneously: insulin (4 kDa), apoprotinin (6 kDa), lysosyme (17 kDa), myoglobin red (22 kDa), myoglobin blue (30 kDa), ovalbumin (46 kDa), bovine serum albumin (74 kDa), phosphorylase B (111 kDa), and myosin heav y chain (214 kDa) (from Bio-Rad, Hercules, CA). The sizes of several protein complexes have been evaluated and are indicated on the lef t-hand side of each panel in each figure.
Paraformaldehyde-cross-linked complexes were identified in stimulated slices, perf used slices, or tube slices. No differences in syntaxin-or SNAP25-containing complexes were identified among stimulated slices, perf used slices, or tube slices (see Fig. 5 ; data not shown).
Formation of the SDS-resistant complex
Hippocampal slices were hand-homogenized (0.25 ml /slice) in 1% Triton X-100, 10 mM MOPS, pH 7.0, 4.5 mM Mg(CH 3 C OO) 2 , 150 mM KC l, and 0.5 mM PMSF and mixed end over end for 1 hr at 4°C. Sample buffer was added to the solubilized slice (final concentration, 1% SDS, 42 mM Tris, pH 6.8, 7% glycerol, and 7% ␤-mercaptoethanol). Before SDS-PAGE these samples were incubated at either 30, 37, or 100°C for 10 min.
Preparation of rat hippocampal homogenate
Rat hippocampi were hand-homogenized with a Teflon-coated homogenizer in 0.32 M sucrose, 10 mM H EPES KOH, pH 7.0, 1 mM EGTA, 0.1 mM EDTA, 0.5 mM PMSF, protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, I N), 1 M microcystin, 1 M okadaic acid, and 1 mM sodium orthovanadate (2 ml / hippocampus). The homogenate was centrif uged for 10 min at 500 ϫ g, and the supernatant was collected and subsequently centrif uged for 20 min at 20,000 ϫ g (4°C). The pellet, containing the synaptic proteins, was resuspended in 1% Triton X-100, 20 mM MOPS, pH 7.0, 4.5 mM Mg(CH 3 C OO) 2 , 150 mM KC l, 0.5 mM PMSF, protease inhibitor cocktail (Boehringer Mannheim), 1 M microcystin, 1 M okadaic acid, and 1 mM sodium orthovanadate and incubated for 30 min at 37°C. After solubilization, large membrane fragments were removed by centrifugation at 1000 ϫ g for 5 min. The resulting supernatant is a crude hippocampal homogenate that contains synaptic proteins. Protein concentrations were determined by the Bio-Rad Protein Assay using bovine serum albumin as the standard.
Preparation of rat hippocampal synaptosomes
Synaptosomes were isolated from the hippocampus by differential and discontinuous Percoll gradient centrif ugations (Nagy and Delgado-Escuta, 1984; Meffert et al., 1994) . Briefly, rat hippocampi were dissected and homogenized in 0.32 M sucrose and 5 mM H EPES (14 up-and-down strokes with cooling after the first 7) using a Teflon glass homogenizer. The homogenate was centrif uged for 10 min at 1000 ϫ g (Beckman JA-20 fixed-angle rotor), and the supernatant was collected. The supernatant was layered directly onto Percoll gradients and centrif uged for 20 min at 15,000 ϫ g (Beckman SW41 Ti rotor). After isolation, the synaptosomal fraction was washed, pelleted, and resuspended in ice-cold balanced salt solution (128 mM NaC l, 2.4 mM KC l, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 10 mM H EPES, pH 7.4, and 10 mM D-glucose)
Preparation of fusion proteins
Glutathione S-transferase f usion proteins of SNAP25 and VAM P2 were prepared as described previously (Pevsner et al., 1994) . Briefly, a GST f usion protein encoding a f ull-length SNAP25 or the cytoplasmic portion of VAM P2 was constructed in the vector pGEX-KG (Guan and Dixon, 1991) and expressed in the AB1899 strain of Escherichia coli. After induction of expression with 100 M isopropyl-␤-D-thiogalactopyranoside for 5 hr, the bacteria were suspended in PBS (137 mM NaC l, 2.7 mM KC l, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 ) supplemented with 0.05% T ween 20, 2 mM EDTA, and 0.1% ␤-mercaptoethanol and lysed by two passages through a French Press (Spectronic Instruments). The f usion protein was recovered by binding of the GST domain to glutathione agarose beads (Sigma, St. L ouis, MO). The f usion protein beads were washed extensively and finally resuspended in 0.5% Triton X-100, 20 mM MOPS, pH 7.0, 4.5 mM Mg(CH 3 C OO) 2 , 150 mM KC l, and 0.5 mM PMSF.
Immunoprecipitation
Immunoprecipitation was achieved by incubating detergent-solubilized (1% Triton X-100) hippocampal homogenate with affinity-purified anticaveolin polyclonal (Transduction Laboratories, Lexington, K Y), affinitypurified anti-caveolin1 polyclonal (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit nonimmune serum, or protein A /G agarose (Santa Cruz Biotechnology) for 5 hr. Samples were washed three times, resuspended in 30 l of sample buffer, separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibodies. Proteins were visualized using enhanced chemiluminescence (ECL; Amersham, Arlington Heights, IL).
Immunoblotting
Proteins were transferred electrophoretically at constant voltage from polyacrylamide gels to nitrocellulose (0.45 or 0.2 m) in 20 mM Tris, 150 mM glycine, and 12% methanol. Transferred proteins were visualized by staining with Ponceau S. Nitrocellulose membranes were blocked for nonspecific binding using 5% milk, 0.15% T ween 20, and PBS solution (137 mM NaC l, 2.7 mM KC l, 4.3 mM Na 2 HPO 4 , and 1.4 mM KH 2 PO 4 , pH 7.3) and incubated overnight with primary antibody. The membranes were washed four times in the above milk, T ween, and PBS solution and incubated for 30 min with goat anti-rabbit or goat anti-mouse IgG-coupled horseradish peroxidase. Antigen was detected using chemiluminescent horseradish peroxidase substrate (ECL; Amersham). Immunoreactive bands were visualized after exposure of the membranes to Amersham Hyperfilm-M P.
Cell culture and immunostaining
Primary embryonic hippocampal cultures were a kind gift from Dr. Steve J. Smith and were prepared as described previously (Banker and Goslin, 1998; Ahmari et al., 2000) . C ells were fixed for 10 min in 100% methanol at Ϫ20°C, washed in PBS, and incubated for 1 hr at room temperature or overnight at 4°C in PBS and 1% BSA containing either a caveolin1-specific polyclonal antibody (Santa Cruz Biotechnology), a caveolin1-specific monoclonal antibody (Transduction Laboratories), a caveolin polyclonal antibody (Transduction Laboratories), and /or a SNAP25 monoclonal (Sternberger Monoclonals). After extensive washing in PBS, cells were incubated with C y5-conjugted affinity-pure goat anti-mouse secondary antibody (Jackson ImmunoResearch, West Grove, PA) and /or Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch) for 1 hr followed by washing.
RESULTS
SNAP25-and syntaxin-containing complexes can be identified in intact hippocampal slices before detergent solubilization
The goal of our study was to determine the nature of SNAP25, syntaxin, and VAMP complexes that could be identified in intact tissue. To do so, field EPSPs resulting from Schaffer collateral stimulation in area CA1 of rat hippocampal slices were recorded, followed by treatment with the membrane-permeant primary amine-reactive chemical cross-linking agents DSP [dithiobis(succinimidylpropionate)] or paraformaldehyde (polymerized formaldehyde) (Fig. 1) . Such treatment should capture existing protein complexes by forming covalent cross-links between neighboring proteins. As shown in Figure 1 , 4% paraformaldehyde abolishes neurotransmission almost immediately (within 30 sec), indicating that it quickly cross-links and disables proteins necessary for synaptic transmission. DSP (4 mM), on the other hand, only slowly and incompletely inhibits neurotransmission. Paraformaldehyde was used as the cross-linker of choice in the remaining experiments because of the speed by which it halts neurotransmission, thus making it more likely to capture physiologically relevant protein complexes. Aldehyde cross-linkers have been used extensively for imaging the interactions of synaptic vesicles at the nerve terminal (Rosahi et al., 1995; Takei et al., 1996; Fawcett et al., 1997; Schweizer et al., 1998) . Figure 2 demonstrates that SNAP25-containing protein complexes of 55, 60, and 100 kDa and syntaxin-containing complexes of 60, 100, and 120 kDa were identified when hippocampal slices were exposed to paraformaldehyde before solubilization. The protein complexes were resolved by SDS-PAGE and detected by Western blot analysis. No comparable SNAP25-containing complexes were identified in fractions obtained from hippocampal slices that were not exposed to cross-linking agents. The cross-linked complexes were observed after exposure of the hippocampal slice to paraformaldehyde for 7 min and were more detectable after exposure to paraformaldehyde for 15-45 min. Syntaxin-and SNAP25-containing complexes could be detected as early as 2 min after treatment with paraformaldehyde, which was the earliest time point examined (data not shown). On the basis of comigration, the 100 and 60 kDa complexes likely contain both syntaxin and SNAP25. Syntaxin-and SNAP25-containing complexes were also identified in hippocampal slices treated with DSP for 45 min; however, these complexes did not resolve as well as the paraformaldehyde-cross-linked complexes. Because paraformaldehyde cross-linking is rapid, it likely captures protein complexes that are short-lived equally well as more stable high-affinity proteinprotein interactions. The syntaxin-and SNAP25-containing complexes shown in Figure 2 may represent physiological complexes that are not maintained during detergent solubilization, a process that favors high-but not low-affinity protein interactions. Hayashi et al. (1994) have reported that the three synaptic proteins VAMP, syntaxin, and SNAP25 form a stable "core" 80 kDa complex when isolated from solubilized rat brain preparations and that this complex resists dissociation by SDS in unboiled samples. Pellegrini et al. (1995) have reported that VAMP, syntaxin, and SNAP25 form an SDS-resistant ladder including major bands at 60, 120, and 160 kDa and minor bands at 100 and 200 kDa. Figure 3 compares the electrophoretic mobility of the paraformaldehydecross-linked SNAP25-containing complexes with a SNAP25-containing SDS-resistant core complex isolated from noncrosslinked hippocampal slices. After boiling in noncross-linked hippocampal slices, SNAP25 appears as a monomer (Fig. 3, lane 1) . When unboiled fractions from solubilized hippocampal slices were analyzed, a ladder of immunoreactivity including monomeric SNAP25 and major bands at 80, 100, and 120 kDa was detected (Fig. 3, lane 2 ). An SDS-resistant 200 kDa SNAP25-containing complex could also be detected (data not shown). Although there are differences in the electrophoretic mobility of some members of the SDS-resistant ladder isolated from rat brain (Pellegrini et al., 1995) and rat hippocampal slices (Fig. 3 , lane 2), these complexes are indistinguishable regarding their composition and disruption by boiling. The 55/60 kDa SNAP25-containing cross-linked complexes do not comigrate with an SDS-resistant complex (Fig. 3,  lanes 2, 3) . The comigration of the SDS-resistant and cross-linked SNAP25 complexes at 100 kDa suggests that these complexes are identical. These results suggest that the 100 kDa band of the SDS-resistant complex exists in intact hippocampal slices before solubilization but that the other components of the SDS-resistant ladder assemble after solubilization. This 100 kDa complex is, however, only one of several SNAP25 and syntaxin complexes identified in intact slices (Figs. 2, 3) . The 55/60 kDa SNAP25-containing complex is absent in solubilized (uncross-linked) hippocampus, indicating that it is disrupted by solubilization. When unboiled fractions from paraformaldehyde-cross-linked hippocampal slices were analyzed, SNAP25 was observed to assemble into large unresolved oligomeric forms (Fig. 3, lane 4 ) . These results indicate that cross-linking SNAP25 did not preclude it from attempting to reassemble into larger oligomeric structures after solubilization. Again, the assembly of cross-linked complexes into larger oligomeric structures suggests that some of these components assemble in the presence of detergent but are not present in intact tissue.
Comparison of the cross-linked SNAP25-containing complexes and the SDS-resistant complexes
VAMP-containing complexes can be identified in intact hippocampal slices before detergent solubilization
Although VAMP is known to be a member of the SDS-resistant core complex, some (Pellegrini et al., 1995) but not all (Hayashi et al., 1994 ) VAMP antibodies detect VAMP in complex. We were unable to detect VAMP in the intact SDS-resistant ladder by Western analysis (data not shown). Also VAMP-containing complexes were only poorly identified in paraformaldehyde-crosslinked hippocampal slices when samples were incubated at 100°C for 10 min (Fig. 4 A) . Figure 4 A shows that VAMP-containing protein complexes of 35, 55, 100, and 120 kDa were identified when hippocampal slices were exposed to paraformaldehyde before solubilization. Unlike syntaxin and SNAP25, VAMP-containing complexes from paraformaldehyde-cross-linked hippocampal slices were clearly detected when samples were incubated in sample buffer at 37°C and not 100°C for 10 min. No comparable VAMPcontaining complexes were identified in fractions obtained from hippocampal slices that were not exposed to cross-linking agents. The monomer form of VAMP was also detected in fractions obtained from cross-linked hippocampal slices. The 35 kDa VAMP-containing cross-linked complex may represent an 18 -18 kDa VAMP dimer on the basis of its electrophoretic migration. Alternatively, it may be VAMP cross-linked to another lowmolecular mass protein of ϳ17 kDa. The 55 kDa VAMPcontaining band comigrates with the 55/60 kDa SNAP25 crosslinked complex although the VAMP-containing complex resolves to a more discrete band. have reported a 56 kDa VAMP-containing complex comprised of a direct interaction of VAMP with synaptophysin. Figure 4 B shows that the 55 kDa VAMP-containing cross-linked complex comigrates with a 55 kDa synaptophysin-containing complex. Other synaptophysincontaining complexes were identified at 80, 100, 130, and 155 kDa (Fig. 4 B) . These results suggest that the 55 kDa VAMP-containing complex may be the same protein complex as that reported by .
The comigration of a VAMP-containing, a syntaxin-containing, and a SNAP25-containing complex at 100 kDa (Figs. 2 A,B, 3) suggests that a single 100 kDa complex comprised of all three proteins exists in intact tissue. These results suggest that the 100 kDa complex is the physiological soluble N-ethylmaleimidesensitive fusion attachment protein (SNAP) receptor (SNARE) complex present in intact tissue. Of the other proteins we examined, synaptotagmin, n-sec-1, cysteine string protein, rabphillin, N-ethylmaleimide-sensitive fusion protein (NSF), secretory vesicle-associated protein, hepatocyte growth factor-regulated tyrosine kinase substrate 2 (HRS2), and complexin I and II did not comigrate with the 100 kDa complex. These proteins were also absent from the other syntaxin-or SNAP25-containing complexes as examined by Western blot analysis (data not shown). Complexes containing these proteins were observed in hippocampal slices cross-linked with paraformaldehyde before solubilization; however these protein complexes were distinct from the syntaxin-and SNAP25-containing complexes on the basis of electrophoretic mobility (data not shown). In solubilized preparations, the 55/60 kDa SNAP25-containing, the 60 kDa syntaxin-containing, and the 35 and 55 kDa VAMP-containing protein complexes identified in intact slices are absent, indicating that they are disrupted. Also, the 80 and 120 kDa members of the SDS-resistant ladder were not present in hippocampal slices paraformaldehyde cross-linked before solubilization, indicating that these complexes assemble in the presence of detergent but do not represent physiological protein complexes. These results also indicate that syntaxin, SNAP25, and VAMP each physiologically coexist in complexes with proteins other than the members of the SNARE core complex. Figure 5 demonstrates that a stimulation protocol that involves mild stimulation at a low rate (ϳ10 A; 100 sec duration; 15 sec intervals) does not produce detectable reorganization in SNAP25 complexes in a total hippocampal slice homogenate. This lowfrequency stimulation likely stimulates exocytosis in only a limited number of synapses even within subregions of the hippocampal slice. These results show that total hippocampal homogenates of stimulated and unstimulated slices reveal the same paraformaldehyde-cross-linked SNAP25-, syntaxin-, and VAMPcontaining complexes ( Fig. 5 ; data not shown).
Schaffer collateral stimulation and synaptic protein complexes
A novel SNAP25-caveolin complex correlates with the onset of persistent synaptic potentiation
The identification of specific alterations in protein complexes implicated in neurosecretion during increases or decreases in synaptic strength such as long-term potentiation (LTP) may be essential to our understanding of neurotransmission. It has been proposed, for example, that the readily releasable pool of secretory vesicles can be modified (Gillis et al., 1996) . The physiological regulation of synaptic vesicle availability implies a reorganization of the series of protein complexes that underlie synaptic transmission. We have examined the paraformaldehyde-cross-linked complexes in rat hippocampal slices (Figs. 2, 4) in which a potentiation of synaptic transmission has been induced (Fig. 6) by application of the potassium channel blocker 4-AP (10 mM; 20 min). This treatment caused a persistent potentiation of synaptic transmission as measured by an increase in the slope of field EPSPs in area CA1 (Fig. 6 ), in agreement with previous results (Aniksztejn and Ben-Ari, 1991) . The 4-AP response was characterized by an initial enhancement followed by an inhibition in the slope of EPSPs during the application of 4-AP. After washout of 4-AP, a sustained enhancement of the slope of EPSPs was observed that lasted for at least 1 hr (the longest time point tested) while the slice was vigorously perfused with ACSF. The high concentration of 4-AP used in these experiments was chosen because it likely induces potentiation in a larger fraction of synapses than would, for example, a tetanus stimulus. Potentiation in a large fraction of synapses is likely required for reorganization of protein complexes to be detectable in a total hippocampal slice homogenate.
An additional 40 kDa SNAP25-containing cross-linked complex was identified in hippocampal slices treated with 4-AP (Fig. 6 ). This novel complex is a SNAP25-caveolin complex on the basis of immunoreactivity with anti-SNAP25 and anti-caveolin antibodies (see Fig. 8 A) . Figure 6 B demonstrates that the SNAP25-containing protein complex of 40 kDa was clearly detected in hippocampal slices during 4-AP treatment but was not observed in hippocampal slices after the washout of 4-AP or in control hippocampal slices (not treated with 4-AP). The 40 kDa complex was detected as early as 2 min (the earliest time point tested) after exposure to 4-AP and was present throughout the duration of the 4-AP treatment. The complex was detected at concentrations as low as 1 mM 4-AP (data not shown). The absence of the 40 kDa complex could be detected as early as 2 min after 4-AP washout (the earliest time point tested). Although the 4-AP response was characterized by an initial enhancement followed by an inhibition in the slope of EPSPs, the 40 kDa band was present throughout the entire enhancement/ inhibition phase of the 4-AP treatment. The other SNAP25-containing complexes (55/60 and 100 kDa) were not observed to undergo reorganization either during 4-AP treatment or during the sustained enhancement of the slope of EPSPs. Also, the reorganization of protein complexes resulting in the appearance of a 40 kDa SNAP25-caveolin band occurred in the absence of any apparent reorganization of any of the other syntaxin-, SNAP25-, or VAMPcontaining bands. Figure 6C shows that the 40 kDa SNAP25-caveolin complex can be detected after overexposure in both control hippocampal slices and hippocampal slices after the washout of 4-AP. The 40 kDa SNAP25-caveolin band was the lower band of a doublet that could be detected with anti-SNAP25 after overexposure. These results demonstrate that the 40 kDa SNAP25-caveolin complex is present in hippocampal slices before 4-AP treatment at low levels. The presence of the 40 kDa SNAP25-caveolin complex in control slices may reflect low abundance in many neurons or very high abundance in subsets of neurons in a hippocampal slice. Figure 7 shows that the induction of the 40 kDa SNAP25-caveolin band by 10 mM 4-AP is blocked by preincubation of the hippocampal slice with 1 M tetrodotoxin, 50 M D-2,5-aminophosphonovaleric acid, and 100 M CdCl 2 . These agents block voltage-dependent sodium channels, calcium channels, and NMDA receptors, respectively, and thus remove the electrogenic effects of 4-AP. This treatment, a control for possible pH effects of 4-AP, prevented the formation of the caveolin-SNAP25 complex, leaving it at control levels.
The specificity of the antisera used to identify the SNAP25-caveolin complex is shown in Figure 8 B. Anti-caveolin polyclonal and anti-caveolin1 polyclonal detect caveolin in both hippocampal and endothelial homogenates. Preincubation of either antisera with a peptide encoding the N terminal of caveolin1 (Santa Cruz Biotechnology) blocks the detection of caveolin in the hippocampus. That the detection of hippocampal caveolin was blocked by preincubation with the N-terminal peptide indicates that the caveolin immunoreactivity observed in rat hippocampus is specific and that the caveolin isoform expressed in rat hippocampus is caveolin1. In contrast, endothelial cells were observed to express more than one isoform of caveolin. Taken together these results demonstrate that a relatively rare SNAP25-caveolin interaction becomes an abundant protein complex during the induction of chemical-induced synaptic potentiation in rat hippocampal slices.
The observation that SNAP25 and caveolin form a complex in intact slices is consistent with reports that several proteins having posttranslational lipid modifications copurify with caveolin, including GTPases, tyrosine kinases, and glycosylphosphatidylinositol (GPI)-linked proteins (Smart et al., 1999) . Figure 9A shows that caveolin and recombinant immobilized SNAP25 form a direct interaction in vitro. Conversely, caveolin forms only a very weak interaction with recombinant immobilized VAMP. Many resident caveolae proteins are lipid-modified proteins, including G-proteins, tyrosine kinases, and GPI-linked proteins. In some cases lipidation is a requirement for inclusion of the protein into caveolae Smart et al., 1999) . Figure 9B demonstrates that SNAP25 coprecipitates with anti-caveolin polyclonal and anticaveolin1 polyclonal but not nonimmune serum or protein A/G agarose. Taken together these results suggest that the interaction between caveolin and SNAP25 in rat hippocampus is specific and occurs in intact tissue. During the induction phase of potentiation, the formation of this complex is favored. Because caveolin forms a complex with recombinant SNAP25 that lacks any posttranslational modification, lipidation is not absolutely required for the SNAP25-caveolin interaction. Note that the 40 kDa complex migrates at a slightly lower position than the predicted molecular weights of SNAP25 (25 kDa) and caveolin (22 kDa) would predict, which may reflect altered palmitoylation of either protein. Figure 10 demonstrates that caveolin and SNAP25 are enriched in isolated hippocampal nerve terminals (synaptosomes). Syntaxin and VAMP, other proteins involved in excitation-secretion coupling, are also shown to be abundant synaptosomal proteins. The coenrichment of caveolin and SNAP25 in hippocampal synaptosomes indicates that the caveolin1-SNAP25 interaction occurs at the synapse and is not a contribution by non-neuronal hippocampal cells. Figure 11 clearly shows that both SNAP25 and caveolin1 are present in hippocampal neurons. Two caveolin antibodies, an anticaveolin1 polyclonal (Santa Cruz Biotechnology; Fig. 11 A,B,D) and an anti-caveolin1 monoclonal (Transduction Laboratories; Fig.  11C ), detect significant amounts of this protein in both neurons and glia. A third anti-caveolin polyclonal (Transduction Laboratories) confirmed our observations seen with the other two antibodies (data not shown). Furthermore, both caveolin1 and SNAP25 were colocalized in axonal varicosities (Fig. 11 B) . Caveolin1 was also observed to be abundant in axonal growth cones (Fig. 11C1) and dendritic spine-like structures (Fig. 11C2,C3) . The caveolin staining was specific because staining was blocked by preincubation of the anti-caveolin1 polyclonal with a peptide encoding the N terminal of caveolin1 (Santa Cruz Biotechnology; Fig. 11 D3) . The peptide did not block SNAP25 staining (Fig. 11 D2) . We did not detect SNAP25 in glia (Fig. 11 D1) . This alone suggests that the SNAP25-caveolin complex is neuronal in origin.
No differences were observed in other VAMP, syntaxin, or SNAP25 protein complexes identified from control and hippocampal slices having persistent synaptic potentiation, suggesting that the core protein machinery underlying the synaptic vesicle life cycle is not reorganized in a detectable manner during an increase in synaptic strength. The significance of the 40 kDa complex in the secretory pathway will be the goal of future studies. The 40 kDa complex is not immunoreactive with VAMP, rab3a, or complexin I or II (data not shown). An additional calmodulin-containing complex was identified during the induction of potentiation with 4-AP. This calmodulin-containing complex did not comigrate with the 40 kDa SNAP25-caveolin complex but had a slightly higher molecular weight (Fig. 8 A, panel 3) . Like the 40 kDa SNAP25-caveolin complex, the calmodulin complex may be involved in synaptic plasticity. These results do not preclude that presynaptic changes not assayed in these experiments mediate the 4-AP-induced sustained potentiation.
DISCUSSION
Current models of the biochemical pathway that underlies synaptic transmission suggest that specific presynaptic proteins do not act independently. Numerous studies have suggested that soluble as well as vesicle and plasma membrane-anchored proteins underlying secretion function by interacting with each other to form protein complexes (Bennett et al., 1992; Sollner et al., 1993a,b) . Such complexes are thought to be dynamic, so that the precise assembly, rearrangement, and disassembly of a series of complexes underlie synaptic transmission (for review, see DeCamilli and Takei, 1996; Hay and Scheller, 1997; Fernandez-Chacon and Sudhof, 1999) . Several studies have demonstrated that syntaxin, SNAP25, and other neuronal proteins proposed to have a direct function in synaptic vesicle exocytosis form stable interactions in solubilized rat brain membranes (Sollner et al., 1993a,b; Hayashi et al., 1994; Pevsner et al., 1994; Pellegrini et al., 1995) . These protein complexes can also be assembled in vitro using recombinant proteins that lack their transmembrane domains (syntaxin and VAMP) or their posttranslationally added palmitoyl side chains (SNAP25) (Chapman et al., 1994; Pevsner et al., 1994; Hanson et al., 1995; . The domains essential for interactions among these proteins have been mapped by truncation, deletion, and site-directed mutagenesis analysis Chapman et al., 1994; Hayashi et al., 1994; Kee et al., 1995; Hao et al., 1997; Poirier et al., 1998) . Importantly, the structure of the syntaxin, VAMP, and SNAP25 complex has been resolved (Fernandez et al., 1998; Sutton et al., 1998; Poirier et al., 1999) . Despite the detailed structural and biochemical information, the nature of syntaxin, VAMP, and SNAP25 interactions in intact neurons remains unknown.
This study establishes the presence of multiple SNAP25, syntaxin, and VAMP protein complexes in intact functioning hippocampal slices before detergent solubilization using a strategy of rapid protein cross-linking. Cross-linked SNAP25 complexes were identified at 55, 60, and 100 kDa. Cross-linked syntaxin complexes were identified at 60, 100, and 120 kDa. Cross-linked VAMP complexes were identified at 35, 55, 100, and 120 kDa. One of these cross-linked complexes, the 100 kDa VAMP, syntaxin, and SNAP25-containing complex, appeared to be identical to a complex described previously in in vitro studies. A 55 kDa VAMP-synaptophysin complex was also confirmed in the hippocampal slices. The 55 and 60 kDa SNAP25 complexes, the 60 and 120 kDa syntaxin complexes, and the 35 and 55 kDa VAMP complexes likely represent protein complexes that are short-lived. These novel complexes may be intermediates in the exocytotic-endocytotic cycle that are fleeting and therefore not maintained during deter- gent solubilization. The presence of multiple SNAP25-and syntaxin-containing complexes within a single hippocampal slice may reflect different states of SNAP25 and syntaxin in different neurons and/or multiple states within a given synapse (e.g., SDS core vs 7 S vs 20 S SNARE complexes). In addition, it has been found that secretory vesicles as well as the plasma membrane contain SNAP25 and syntaxin (Tagaya et al., 1995; WalchSolimena et al., 1995) . Multiple SNAP25-and syntaxin-containing Figure 11 . A, Colocalization of caveolin1 and SNAP25 in hippocampal neurons. Neurons were stained with anti-caveolin1 polyclonal (A1; Santa Cruz Biotechnology) and anti-SNAP25 monoclonal (A2; Sternberger Monoclonals). Colocalization of caveolin1 and SNAP25 (A3) is shown. B, Colocalization of caveolin1 and SNAP25 in axonal varicosities. Neurons were stained with anti-caveolin1 polyclonal (B2) and anti-SNAP25 monoclonal (B3) antibodies. The arrow in B1 indicates the region of the axon shown in B2-B4. Colocalization of caveolin1 and SNAP25 is shown in B1, B4, and B5. C, Localization of caveolin1 in hippocampal neurons. Neurons were stained with anti-caveolin1 monoclonal (C1-C3). Arrows indicate growth cones (C1) and dendritic spine-like caveolin hot spots (C2, C3). Caveolin1 is present in both neurons and glia (D1, B1). SNAP25 and caveolin1 are both present in hippocampal neurons, but SNAP25 is absent in glial cells including astrocytes ( green) . D, Hippocampal cultures were stained with caveolin1 polyclonal and SNAP25 monoclonal. Specificity of the caveolin1 polyclonal antibody is shown (D2, D3). Neurons were stained with anti-caveolin1 preincubated for 1 hr with blocking (antigen) peptide (Santa Cruz Biotechnology) and SNAP25 monoclonal (D2, D3). SNAP25 staining (D2) and caveolin1 staining (D3) are shown.
complexes within a single hippocampal slice may reflect a complement of synaptic vesicle complexes, plasma membrane complexes, and synaptic vesicle-plasma membrane cocomplexes. The monomer forms of SNAP25 and syntaxin were also detected in fractions obtained from cross-linked hippocampal slices (2-45 min of paraformaldehyde). That the entire pool of hippocampal syntaxin and SNAP25 did not cross-link suggests the existence of free syntaxin and SNAP25 in the hippocampal slice preparation. The presence of free syntaxin and SNAP25 is in agreement with studies using clostridial neurotoxins, the most potent inhibitors of neurotransmitter release known (for review, see Montecucco and Schiavo, 1993) . Tetanus and botulinum toxins specifically proteolyze VAMP, syntaxin, and SNAP25 primarily by attacking the free, and not the complexed, forms of these proteins. Our results are consistent with those of Raciborska et al. (1998) who identified distinct populations of SNARE proteins on the basis of their susceptibility to clostridial neurotoxins.
An increasing variety of SNAP25-containing complexes has been reported in solubilized brain preparations including a 7 S SNARE complex composed of syntaxin, SNAP25, VAMP, and synaptotagmin (Sollner et al., 1993a,b) ; an SDS-resistant SNARE core complex composed of syntaxin, SNAP25, and VAMP (Hayashi et al., 1994) ; a 20 S SNARE complex composed of NSF, ␣-SNAP, syntaxin, SNAP25, VAMP, and synaptotagmin; a Ca 2ϩ channel, syntaxin, VAMP, and SNAP25 complex (Martin-Moutot et al., 1996) ; a complex consisting of VAMP, SNAP25, syntaxin, and complexin I and II ; a complex composed of SNAP25 and HRS2 (Bean et al., 1997) ; and a 10 S complex consisting of tomosyn, syntaxin, and SNAP25 (Fujita et al., 1998) . The techniques used to identify these protein complexes favor the identification of stable, high-affinity protein-protein interactions. It is likely, however, that a series of fleeting protein-protein interactions mediates synaptic transmission and that short-lived protein complexes cannot be determined by these techniques.
A novel 40 kDa SNAP25-caveolin protein complex was identified during the induction of potentiation with 4-AP but did not correlate with sustained potentiation (Fig. 6) . The caveolin-SNAP25 interaction was confirmed biochemically by the association of caveolin with recombinant immobilized SNAP25 and by the coimmunoprecipitation of SNAP25 using caveolin-specific antisera (Fig. 9 ). Caveolins are a family of proteins that form the principal structure of flasked-shaped invaginations or caves of the plasma membrane called caveolae, thereby organizing and concentrating specific molecules in discrete regions of the plasma membrane (for review, see Parton, 1996; Simons and Ikonen, 1997; Okamoto et al., 1998; Smart et al., 1999) . Although initially identified as plasma membrane invaginations of 50 -100 nm, it is now known that caveolae can also be (1) flat within the plane of the plasma membrane, (2) large grape-like structures, (3) tubules, or (4) detached vesicles. Caveolae have a unique lipid composition. They are discrete lipid microdomains within the plasma membrane caused by the preferential packing of sphingolipids and cholesterol. In contrast, noncaveolar regions of the plasma membrane are typically composed of phospholipids. Current reports indicate that caveolae can be customized for different functions. A role for caveolae in (1) potocytosis, (2) transcytosis, (3) polarized trafficking of proteins, (4) cholesterol transport, and (5) regulation of signal transduction events has been proposed (for review, see Smart et al., 1999) . Four different caveolin isoforms encoded by three genes have been described: caveolin1␣, -1␤, -2, and -3. The caveolin isoform expressed in the rat hippocampus is caveolin1 on the basis of immunoprecipitation (Fig. 9 ), immunoblot analysis (Fig. 10) , and immunocytochemistry (Fig. 11) . Despite its central role in plasma membrane function, the molecular mechanisms mediating and regulating caveolar trafficking at the cell surface are primarily unknown (for review, see Parton, 1996; Simons and Ikonen, 1997; Okamoto et al., 1998) .
Until recently caveolin was thought to be absent from the nervous system (Cameron et al., 1997; Galbiati et al., 1998; Ikezu et al., 1998; Mikol et al., 1999) . Conflicting reports likely arose from the detergent resistance of caveolae and the absence of caveolin in many commonly used cell lines. In fact, the absence of caveolin in several previous reports of SNAP25-interacting proteins (Pevsner et al., 1994) is likely caused by caveolin's detergent insolubility under most conditions. The unique lipid composition of caveolae accounts for the insolubility in many detergents. This study establishes that caveolin1 and SNAP25 are both present in hippocampal neurons. Caveolin1 hot spots were observed in axonal growth cones, axonal varicosities, and dendritic spine-like structures. Colocalization of SNAP25 and caveolin was obvious in axonal varicosities. Perhaps the 40 kDa SNAP25-caveolin complex represents a transient change during the induction of synaptic potentiation that is important in the later developments of longterm plasticity. The lack of SNAP25 immunoreactivity in glia indicates that the SNAP25-caveolin complex isolated from whole tissue is neuronal in origin. This reorganization of protein complexes resulting in the appearance of a 40 kDa SNAP25-caveolin band occurred in the absence of reorganization of any of the other syntaxin-, SNAP25-, or VAMP-containing bands.
A detailed understanding of neurotransmission and its physiological regulation (e.g., LTP and long-term depression) requires elucidation of the molecular mechanisms underlying the synaptic vesicle life cycle. The identification of changes in these and other protein complexes that occur during alterations in synaptic transmission is important to our understanding of neurotransmission. The strategy of rapid protein cross-linking in intact tissue together with currently used perturbation strategies [e.g., genetics, microinjection, and permeabilized cells (for review, see Augustine et al., 1996) ] will establish the protein dynamics underlying neurosecretion and its modification.
